Background. The clinical implications of a considerable CD4 decline despite antiretroviral treatment and viral suppression are unknown. We aimed to test the hypothesis that a major CD4 decline could be a marker of cardiovascular disease or undiagnosed cancer.
In untreated human immunodeficiency virus (HIV) infection, CD4 counts decline by 50-70 cells/µL per year [1, 2] . After initiation of antiretroviral therapy (ART), CD4 counts usually reach normal range within a few years and continue to increase for 7-10 years [3] . However, during follow-up with stable increase, a small proportion of patients experience a considerable CD4 decline despite ART and viral suppression. With the exception of being a harbinger for Hodgkin lymphoma [4] , the clinical significance of such a decrease is unknown.
A CD4 decline may reflect a selective loss of CD4 cells, which is usually the case when the CD4 decline is HIV-related and concomitant viral rebound is observed [5, 6] . Alternatively, a decline in CD4 count can be caused by factors not related to HIV and is then often a decline in total lymphocyte count with a stable CD4/CD8 ratio.
Lymphocyte counts can decline because of increased destruction or apoptosis, decreased production, external loss, or migration of lymphocytes from blood to tissues. Several viral and bacterial infections as well as systemic autoimmune diseases are associated with low lymphocyte counts [7] . Lymphopenia is often present in patients with unstable angina pectoris, myocardial infarction, or heart failure, and low lymphocyte counts predict ischemic events and death among patients with acute coronary syndromes [8] [9] [10] . Lymphocytes infiltrate solid, malignant tumors, and low lymphocyte counts prior to chemo-or radiotherapy are associated with an adverse prognosis [11] .
In the Danish HIV Cohort study (DHCS), patients have been followed prospectively for >15 years with laboratory monitoring every 3 months, which offers a unique opportunity to study associations between CD4 decline and risk of morbidity and mortality.
We hypothesized that a decline in CD4 count in virally suppressed HIV patients may be a marker of cardiovascular disease or undiagnosed cancer. The aim of the present study was to estimate the risk of cardiovascular disease, cancer, and death associated with CD4 cell decline in absence of causative factors such as HIV viremia, immunosuppressive treatment, chemotherapy, or radiotherapy.
METHODS
In a nationwide, population-based cohort study, we followed HIV patients, who were virally suppressed on ART, with serial CD4 measurements and estimated their risk of cardiovascular disease, cancer, and death. The association between CD4 decline and the risk of these outcomes was analyzed using Poisson regression with date of CD4 decline as an timeupdated variable. Drug therapy and illnesses around the time of CD4 decline were assessed through review of medical files, and data on long-term outcomes were retrieved from nationwide registries.
Data Sources
Data were obtained from DHCS, described in detail elsewhere [12] . Viral loads and CD4 counts were measured with intended intervals of 3 months and extracted electronically from laboratory data files. Lymphocyte and CD8 counts were obtained from review of medical files. Data on dates of migration and deaths were obtained from the Danish Civil Registration System [13] . The Danish National Hospital Registry [14] and the Danish Cancer Registry [15] provided information on dates and diagnoses of cardiovascular disease and cancer. Medical files were reviewed to retrieve data on potential causes of CD4 decline.
Study Population
We included all HIV type 1-infected individuals enrolled in DHCS, who (1) were aged ≥16 years at time of HIV diagnosis, (2) had initiated ART and achieved viral suppression (viral load [VL] < 400 copies/mL), (3) had a follow-up period with viral suppression of ≥8 months, and (4) during the period with viral suppression had ≥5 CD4 counts with an interval of ≥2 months between measurements. To avoid immortal time bias, date of the fifth CD4 measurement during viral suppression was used as index date (Figure 1 ). Individuals diagnosed with cancer Figure 1 . Illustration of the method used to define CD4 decline. The curve represents the moving average; CD4 counts are shown as . Observation time before and after CD4 decline are marked by and , respectively. CD4 decline was defined as 2 consecutive relative CD4 changes of less than or equal to −15%, calculated using the following formula: relative CD4 change prior to the index date and those with CD4 decline due to treatment with interferon for hepatitis C virus (HCV) infection were excluded.
CD4 Decline
To minimize the effect of random variations in CD4 counts, moving averages of 3 CD4 counts were analyzed rather than single measurements. Relative differences in CD4 counts by time interval were analyzed. CD4 decline was defined as 2 consecutive declines in moving average of ≥15% (Figure 1 ). Estimates of CD4 decline included 5 single CD4 counts and a time interval of at least 8 months. Date of CD4 decline was defined as the date of the last CD4 measurement in the second of 2 consecutive moving averages with a decline of ≥15%. In the sensitivity analyses, we changed the definition of CD4 decline to 2 consecutive declines in moving average of ≥10%.
Outcomes
Outcomes were time to first inpatient admission or outpatient visit with a diagnosis of cardiovascular disease or cancer. Diagnoses were coded according to the International Classification of Diseases, 10th Revision (ICD-10). Cardiovascular disease was defined as ICD-10 codes I20-I25 or I60-I69, and cancer was defined as ICD-10 codes C00-C97.
Statistical Analysis
Time was calculated from index date until date of study outcome, the second of 2 consecutive VL ≥400 copies/mL, 1 VL ≥ 4000 copies/mL, 365 days after the last VL or CD4 measurement, emigration, death, or 1 January 2010, whichever came first.
Factors associated with CD4 decline as well as incidence rate ratio (IRR) and mortality rate ratio (MRR) were estimated using Poisson regression analysis with date of CD4 decline included as a time-updated variable. The following variables were included in the model: sex, origin (Danish, African, Asian, or other), route of HIV transmission (homosexual, heterosexual, injection drug use, or other), time from HIV diagnosis to viral suppression, AIDS prior to the period of viral suppression, HCV coinfection (HCV RNA positive/negative), and CD4 count at baseline. Age was included as a time-updated variable with 2-year intervals.
Time of exposure to each antiretroviral drug (ARV) within the study period was calculated, acknowledging treatment switches and discontinuations. The relative risk of CD4 decline during exposure versus nonexposure to individual ARVs was estimated using Poisson regression analyses adjusted for the confounders mentioned above.
The study was approved by the Danish Data Protection Agency. SPSS statistical software, version 15.0 (Norusis; SPSS Inc, Chicago, Illinois) and Stata, version 8.0 (StataCorp, College Station, Texas), were used for data analysis.
RESULTS
A total of 2584 individuals fulfilled the inclusion criteria ( Figure 2 ) and were followed for a total of 13 389 person-years (PY); the median observation time was 4.7 years (interquartile range [IQR], 1.8-8.2 years). The majority of participants were male (75%), 47% were homosexual, and median age at baseline was 41 years (Table 1) . Individuals with CD4 decline during follow-up were similar to those with a stable or increasing CD4 count, apart from a higher proportion of injection drug users and HCV-coinfected persons. The median year of HIV diagnosis was 1994 versus 1997, and the time period from HIV diagnosis to viral suppression and follow-up time was longer among individuals with a CD4 decline. A total of 55 521 CD4 measurements were included in the analyses (median CD4 count, 500 cells/μL [IQR, 340-700 cells/μL]).
CD4 Decline
A total of 56 individuals experienced considerable CD4 decline, as defined above (incidence rate [IR], 4.2/1000 PY [95% confidence interval {CI}, 3.2-5.4]). All of these individuals had concomitant decline of lymphocytes and CD3 count, and the CD4/ CD8 ratio did not change ( Table 2 ). The median time from viral suppression to CD4 decline was 2.9 years (IQR, 1.5-6.5 years). In the multivariate analysis neither sex, age, origin, route of HIV transmission, year of diagnosis, CD4 at baseline, AIDS at baseline, time from HIV diagnosis to viral suppression, or HCV were associated with risk of CD4 decline. 
Antiretroviral Drugs
Didanosine was the only one of 13 ARVs analyzed to be associated with CD4 decline (IRR, 2.0 [95% CI, 1.0-3.7]; Supplementary Table 1 ). Ten patients received a combination of didanosine and tenofovir at baseline; none of these individuals experienced CD4 decline.
Morbidity
At time of CD4 decline, 2 patients had pulmonary tuberculosis, 1 had syphilis, and 1 had sarcoidosis. No patients developed AIDS after CD4 decline. The risk of cardiovascular disease and cancer was markedly increased ≤6 months after CD4 decline (IRR, 11.7, [95% CI, 3.6-37.4] and 13.7 [95% CI, 4.3-43.6], respectively; Table 3 ). The incidence per 10 000 PY of Hodgkin lymphoma was 1.5 (95% CI, .4-6.1) before and 98.5 (95% CI, 24.6-394) ≤6 months after CD4 decline. Despite relatively high CD4 counts in the study population, IRs of cancers, which have been associated with viral infection and immunodeficiency, were high (Table 4) .
Two of 8 patients diagnosed with cardiovascular disease and 1 of 6 patients diagnosed with cancer after CD4 decline died within the study period. Among the 56 patients with CD4 decline, 34 were alive and had not been diagnosed with cardiovascular disease, cancer, or other illness, which have been 
Sensitivity Analyses
The exclusion of 4 individuals diagnosed with conditions known to be associated with CD4 decline from the analysis yielded similar results (data not shown). When CD4 decline was defined as 2 consecutive drops in CD4 of 10% instead of 15%, 209 patients met the definition of CD4 decline, which was still associated with increased risk of cardiovascular disease, cancer, and death, but not to the same extent (IRR, 1. 
DISCUSSION
We longitudinally followed CD4 trajectories in HIV patients with stable viral suppression over a median period of 4.7 years, and found that a considerable drop in CD4 count, in absence of Mortality was analyzed in the complete study population and in individuals without hepatitis C and stratified on baseline CD4 count. Analysis was adjusted for sex, origin, route of human immunodeficiency virus (HIV) transmission, time from HIV diagnosis to viral suppression, AIDS prior to the period of viral suppression, hepatitis C, and CD4 count at baseline.
Abbreviations: CI, confidence interval; CVD, cardiovascular disease; HCV, hepatitis C virus; IR, incidence rate; IRR, incidence rate ratio; MRR, mortality rate ratio; PY, person-years. a IRR for morbidity; MRR for mortality.
b HCV negative: polymerase chain reaction for hepatitis C RNA negative.
immunosuppressive drugs, radiotherapy, or chemotherapy, was associated with marked increased risk of cardiovascular disease, cancer, and death. There are some limitations of the study. Lymphocyte, CD3, and CD8 counts were not available from electronic laboratory databases and were retrieved from the medical files of the patients with CD4 decline. It was not feasible to retrieve these data for the complete study population. However, patients with CD4 decline had a concomitant drop in lymphocyte, CD3, and CD8 counts and thus the CD4 decline was a reflection of decreasing lymphocyte counts. The small number of endpoints did not allow detailed analysis of different types of cancer. Strengths of the study include the population-based, nationwide design, the almost complete follow-up, and the use of nationwide registries, which leaves few study outcomes undetected. Furthermore, the study of a large cohort with a relatively high morbidity and mortality rate offers a unique opportunity to study the predictive value of changes in CD4 counts. The study population was followed for several years with CD4 counts measured prospectively at 3-month intervals.
In HIV-negative patients with prevalent heart disease, low lymphocyte counts predict risk of ischemic events and death [10] . We found that among HIV-infected individuals without a prior diagnosis of heart disease, the risk of developing cardiovascular disease increased >10-fold within the first 6 months after CD4 decline. The short time interval suggests that the observed association was not explained by immunodeficiency causing cardiovascular disease, but rather that CD4 decline could be a marker of inflammation or unstable atherosclerotic plaques.
Bohlius et al documented that in HIV patients CD4 counts drop prior to diagnosis of Hodgkin lymphoma [4] , but whether this is specific for Hodgkin lymphoma or also occurs in other cancers has not been established. We found a significant decline in CD4 count ≤6 months before diagnosis in 2 of 6 patients with Hodgkin lymphoma. There was a high risk of a cancer diagnosis ≤6 months after CD4 decline and a nonsignificant increase in risk thereafter, suggesting that the CD4 decline was a consequence and not a cause of cancer. CD4 counts might have dropped because of migration of lymphocytes from blood to malignant tumors, but our data do not indicate that a large drop in CD4 counts is common prior to diagnosis of cancers other than Hodgkin lymphoma.
The prognostic value of CD4 count for risk of death has been studied extensively in HIV patients. Nadir CD4 count, CD4 increase after treatment initiation, and the most recent CD4 count are all independently associated with mortality [16] [17] [18] . However, none of these studies have addressed the significance of a sustained major drop in CD4 count. We found an increased risk of death after CD4 decline among virally suppressed individuals. The relative risk of death did not significantly differ by baseline CD4 count, and only 1 death occurring after CD4 decline could be related to an infection (HCV). When excluding individuals with HCV coinfection, who in this cohort are predominantly injection drug users and have high mortality due to accidents, injuries, and drug toxicity/ overdose [19] , the estimate of the risk associated with CD4 decline was even higher.
Whether our findings can be generalized to HIV-negative individuals is uncertain. On one hand, we did not find any association between CD4 decline and HIV-related factors, apart from exposure to didanosine, a drug now rarely used, which has previously been shown to be associated with CD4 decline [20] . Furthermore, apart from HCV, few patients had infections such as syphilis or tuberculosis, which are common among HIV patients and have been associated with CD4 decline [21, 22] . On the other hand, despite CD4 counts within the normal range, the immune system of well-treated HIV patients may have a reduced capacity to respond to stressors, thus paving the way for lymphopenia.
Risk factors and biomarkers for cardiovascular disease are quite similar between HIV-infected and HIV-negative individuals [23] , and the observed association between CD4/ To our knowledge, the clinical implications of a major CD4 decline among HIV patients have not been studied before, and the optimal definition of CD4 decline as prognostic marker has not been defined. We formulated a definition of CD4 decline to establish objective criteria for the study and chose a strict definition to reduce "noise" due to random variations in CD4 counts. Results of this study need to be confirmed in other cohorts. We performed a sensitivity analysis employing a less strict definition, and when using this definition, we identified a higher number of patients who developed cardiovascular disease and cancer after CD4 decline, but the relative risk associated with CD4 decline decreased.
We conclude that in virally suppressed HIV patients, an unexplained, major decline in CD4 count is associated with a markedly increased risk of cardiovascular disease, cancer, and death. The association between CD4 decline and adverse prognosis may not be specific for HIV-infected individuals, and analysis of changes in total lymphocyte counts may reveal similar associations. This could be explored in other populations in whom regular monitoring of lymphocyte counts is performed.
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